In this study, the influence of Al particle size, as an additive for solid propellant, on the mechanical erosion of the carbon-composite nozzle was evaluated. A new model which can predict the size and distribution of the agglomerated reaction product(Al(l)/Al 2 O 3 (l)) was established, and the size of agglomerate were calculated according to the various initial size of Al in the solid propellant. With predicted results of the model, subsequently, the characteristics of mechanical erosion on the carbon-composite nozzle was estimated using a commercial CFD software, STAR CCM+. The result shows that the smaller the initial Al particles are, in the solid propellant, the lower is the mechanical erosion rate of the composite nozzle wall, especially for the nano-size Al particle. 
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During combustion of solid propellant, a mobile liquid layer is formed at the burning fuel surface, where aluminum particle melts and agglomerates to form bigger particle [1] . A part of aluminum agglomerates gets completely oxidized either at the fluidized bed or shortly after entering the gas phase. The remaining aluminum agglomerates get covered by an oxide layer. Formation of an oxide layer hinders its combustion. As the temperature of the particles increases, aluminum melts, expands and breaks the outer oxide shell.
Subsequently, the liquid aluminum exposed to the gas oxidizers ignites with a characteristic flame. Some residual agglomerates exit the motor without any combustion. This unburnt aluminum does not contribute in enhancing the specific impulse and results only in two phase losses. The size of the agglomerates is determined by the quantity, diameter and ignition time of the aluminum particles [1] .
Other influencing factors are thickness of the fluidized bed and operating chamber conditions.
The Al(l) agglomerates and Al(l)/Al 2 O 3 (l)
droplets reduce the combustion instabilities in the gas phase. However, they also result in mechanical erosion on the graphite or C-C composite nozzle wall [1] . Moreover, the
Graphite and the C-C composite nozzle wall undergo significant erosion due to impingement of Al(l)/Al 2 O 3 (l)-droplets at the convergent part of the nozzle [2] . For these reasons, the agglomeration phenomena need indepth understanding. However, lack of experimental data and inherent unsteadiness of combustion phenomenon poses serious challenges in this field of research. Carrying out experimental research work is not only extremely complex but also very expensive. In spite of these difficulties, a significant effort has been made as follows: high speed photography to study agglomeration in metalized solid propellants by Crump et al. [3] and Gany et al. [4] , a comprehensive review on metallized propellant combustion by Price [5] , relationship between agglomeration phenomenon and slag formation by Boraas [6] and Salita [7] , a detailed review by
Beckstead [8] , "Pocket model" by Cohen [9, 10] and a stochastic method to determine the cluster volume by Gallier [11] . In particular, the agglomeration models can be divided into two broad categories. One is to predict the size of the aggregates by the geometric shape of the binder and aluminum particles of the solid propellant (pocket model) [9, 10] . Another is a theory that the characteristic of aggregation is determined by the combustion and mechanism Here, the thickness '' is in  and '' is in atm. The value of '  ' is given by the following formula:
is the arithmetic mean of simple cubic, face centered cubic(FCC) and body centered cubic(BCC) arrangements, and is given by
Yavor's method [1] :
'  ' the aggregation number, which is the ratio of '  ' and '  '.
Here, '  ' is the ignition time of aluminum particles and '  ' is the time to accumulate the aluminum particle on the fluid bed, '  ' is the burning rate of the propellant and '' is the volume occupied by aluminum in the propellant. For particle size greater than 10 제19권 제6호 2015. 12.
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, the alumina covering the aluminum melts approximately at 2300  [14] . For nano sized particles, the melting temperature is below 2300 . Here, the ignition temperature is calculated by the following formula [15] : 
'  ' is calculated by the force balance between the aluminum particles which are floating on the fluid bed by buoyancy, with the assumption that the fluid bed is in a liquid state [15] :
Where '  ' is the viscosity of the fluid bed and '  ' is the surface tension.
If the size of the aluminum particles is bigger than the thickness of the fluidized bed,  > , the diameter of the aggregate is represented by the following formula [1] :
Here '    ', is the height of the aluminum exposed the fluid bed top, '       ' is the number of aluminum particles in the fluid bed. The number of aggregation is calculated as follows:
The exposed area of the aluminum particle used in the calculation for '  ' can be calculated by the following formula.
Here, it is assumed that the aluminum particles are exposed due to retraction of the fluid bed after the propellant combustion.
From the above Eq. 11, the ignition time can be calculated by the following formula.
The propellant burning rate is given by [13] :
In Eq. 9, the diameter of the agglomerates '  ' is the arithmetic mean of the volume or
The size distribution of the Al(l)/Al 2 O 3 (l) droplets of the AP/HTPB/Al composites, after combustion, is assumed to be log-normal. In this work, the probability density function(PDF) is obtained by log-normal curve fitting [16] :
Here, '  ', is the representative diameter, '  ' is the scale parameter, '' is the shape parameter and is assumed to be 1 in this case
The scale parameter '  ' is iteratively adjusted to the value with which '  ' of PDF satisfies '  ', where
Validation of the Agglomeration Model
To verify the accuracy of the model, the predicted results were compared with the experimental data by Sambamurthy et al. [17] for the micro-sized and by Babuk [18] The drag force on one single droplet is defined as:
Where,
Schiller-Naumann [19] drag coefficient, projected area of the droplet and droplet slip velocity respectively. Pressure gradient force is given by:
'Vp' is the volume of the droplet. The heat transfer equation for a single droplet is given as:
Ranz-Marshall [20] correlation was used to determine the heat transfer coefficient. All the momentum and energy sources for the droplets act as a sink for the continuous phase, thereby enabling coupling between the two phases. Aluminum particle combustion was not simulated.
Mechanical Erosion Model
There is no openly available experimental data on mechanical erosion by Al(l)/Al 2 O 3 (l) droplets in the solid rocket motor environment. The erosion rate is defined as the mass of wall material eroded per unit area per unit time. It is calculated on wall faces by accumulating the damage that each particle impact does on the face [21] . Mathematically, this is defined by the following equation:
Where, '  ' is erosion rate, '  ' the face area, '  ' is the mass flow rate of particles in parcel impacting on the face, '  ' is the erosion ratio [21] . Theoretically, erosion ratio '  ' is defined as the amount of wall material removed per mass of the particle impinging on the wall surface. The summation is over all parcels which strike the face in a Lagrangian iteration. The erosion rate therefore depends on the flow (whether and how particles impact on the wall) and the chosen method for the erosion ratio [21] . Table 2 [24].
In the Eq. 22 and Eq. 23, '' is the velocity magnitude of the droplets impinging on the wall, '' is angle of attack with respect to the wall face normal, '  ', '  ' and '  ' are the reference particle velocity, particle diameter and erosion ratio, respectively. Table 2 . Oka's model parameters.
properties and particle shape. For '  ' and '  ', their theoretical values are taken from Ref. [22] .
In SRM, Al(l)/Al 2 O 3 (l) is present as liquid droplets. Therefore, the use of solid particle data in the mechanical erosion correlations will lead to errors. As the solid particle will cause more erosion than the liquid droplets, the predicted erosion by this co-relation will represent the worst case scenario [24] .
Assumptions and Boundary Conditions
The Al(l)/Al 2 O 3 (l) droplets are modeled as spherical droplets, whereas in reality, Al(l) and Chamber pressure and temperature are 6.8MPa
and 3327  respectively. In Thakre et al. [24] simulation, 10% of Al was assumed to remain unburnt at the propellant surface and forms Here it is assumed that the unburnt 10% Al undergoes complete combustion within very short distance from burning surface and the species mass fractions given in Ref. [24] accordingly modified as in Table 3 to get the new species mass fraction after the 10% Al gets completely oxidized. The nozzle wall is assumed to be at a constant temperature of 2500 . In reality, the wall temperature at the solid-gas interface may vary from 2200  to 2800  along the wall. The input condition for the Lagrangian phase are also presented in Table 4 .
Results and Discussion
Agglomeration Model
From presented agglomeration mode, the 제19권 제6호 2015. 12.
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CFD Modelling
A well refined grid is made, with   < 1.
To account for the turbulent dispersion, 6 parcels were injected at each injection location.
Overall the total number of parcel streams were 1200(=200×6). was generated by digitizing the image file of In Fig. 4 the Mach contours for the case of 103.9  droplet are more perturbed in comparison to that of the 15.7  droplet case, this is because larger droplets travelled almost axially in the divergent part whereas the lighter droplets followed the gas flow and spread more uniformly in the divergent section and the effect of particles on the gas Experimental data [27] for various carbon-carbon based rocket motors suggests mechanical erosion rates in the range of 0.0 ~ 0.169   . The erosion rate predicted in the present study falls in this range.
Conclusion
Theoretical model for the calculation of 
